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With a sample of about 227 million BB pairs recorded with the BABAR. detector we perform a full 
angular analysis of the decay B° — » <f>K *°(892). Ten measurements include polarization, phases, and 
five CP asymmetries. We also observe the decay B° — > A"* (1430). Polarization measurements are 
performed with the B — » pK* (892), B — » pp, and ZJ — ♦ pu> decay modes, and limits are set on the 
B — » luK* (892) decay rates. These measurements help to understand the puzzle of large fraction of 
transverse polarization observed in B — > <j>K* decays and allow for new ways to study CP violation 
and potential new amplitude contributions. 



1 Introduction 

The decay B — > 0if*(892) is expected to 
have contributions from b — > s loop pen- 
guin transitions while the tree-level transi- 
tion is suppressed in the Standard Model. 
Angular correlation measurements and asym- 
metries are particularly sensitive to ampli- 
tudes arising outside the Standard Model 
The first evidence for this decay was pro- 
vided by the CLEoEland BABAR ^ experi- 
ments. The large fraction of transverse polar- 
ization observed by BABAR - and confirmed 
by BELLE^Iwas a surprise and enabled a full 
angular analysis described by ten parameters 
for contributing amplitudes and their phases. 

Similarly, the decays B — > pK *(892) and 
B — > ujK* (892) are expected to have con- 
tributions from b —> s loop transitions with 
some tree contributions. Polarization mea- 
surements in these channels may help in un- 
derstanding the B — > <f)K* polarization puz- 
zle. The decays B — > pp and cop are expected 
to proceed through the tree-level b — ► u tran- 
sition and through CKM-suppressed b — > d 
penguin transitions. These are particularly 
interesting modes for the CKM angle a stud- 
ies and have the advantage of a larger decay 
rate and smaller uncertainty in penguin pol- 
lution compared to B -> tttt. The BARArW^ 
and the BELLE d experiments reported ob- 
servation of the B — > pK* and pp decays. 

The angular distribution of the B — > 



decay products are expressed as a function of 
cos#i and $, where 6>i is the helicity angle of 
a <f>, K* , p, or w, and $ is the angle between 
the two resonance decay planes. The differ- 
ential decay width has three complex ampli- 
tudes A\ correspon ding to the vector meson 
helicity A = or zbll^l The last two can be 
expressed in terms of A^ — (A +1 + A-i)/y/2 
and A ± = (A +1 - A_i)/- v / 2. 

In this paper we present the latest re- 
sults from BABAR in a number of charmless 
B — > VV decays. We measure the branching 
fraction, the polarization parameters Jl = 
|A | 2 /£|A A | 2 , f± = |AJ 2 /£|A A | 2 , and the 
relative phases </>|| = &rg(A\\/A ), (f>± = 
a.Tg(A±/Ao). We allow for CP- violating dif- 
ferences between the B° (Q = +1) and 
B° (Q = —1) decay amplitudes (A\ and 
A\), and derive vector triple-product asym- 
metries ^ 

The B flavor sign Q can be determined 
in the self-tagging final state, then we have 
ten independent measured quantities: 

nf ig = n sig (l + QA C p)/2; 

= f L (l + QA° CP ); 

/ ± Q = /±(1 + 0^cp); 

^ = ^ + f + Q(A0x + |). 



Experimental technique 

We use data collected with the BABAR de- 
tector S at the PEP-II asymmetric-energy 
e + e~ collider operated at the center-of- 
mass energy of the T(4S) resonance (y/s = 
10.58 GeV). We fully reconstruct vector- 
vector B meson decays involving cj>, p, lu, 
and K* resonances. We identify B me- 
son candidates using two variables: toes = 
[( S /2 + p. i .p B ) 2 /^ 2 _p|]i/2 an d AE = 

(EiE B - Pi-ps - s/2)/y/s, where (E^Pi) 
is the initial state four-momentum, and 
(Eb, Pb) is the four-momentum of the recon- 
structed B candidate. To reject the domi- 
nant quark-antiquark continuum background 
we apply event-shape requirements. 

We use an unbinncd maximum- likelihood 
(ML) fit to extract signal parameters. There 
are several event categories j: signal, contin- 
uum qq, combinatoric BB background, and 
specific B-decay background modes. The 
likelihood for each candidate i is defined as 
= d?;/?), where each of the 

V^{xi\ot\fi) is the probability density func- 
tion for input variables. The n*- is the number 
of events with the B flavor k in the category j. 
The event yields rij , asymmetries Aj , and the 
signal polarization parameters a are obtained 
by maximizing C — exp(— Y^, n j) II A- 

In Fig. H examples of fit input variables 
and ML fit projections are shown, where data 
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Figure 1. Projections onto the variables mjs (a), 
AE (b), rrijrf? (c), and (d) for the signal B° — > 

0X*°(892) and <j>K*°(1430) candidates combined. 



distributions are shown with the signal en- 
hanced with a requirement on the signal-to- 
background probability ratio calculated with 
the plotted variable excluded. 

Results 

The results of our maximum likelihood fit to 
the sample of B° -> 0if*°(892) candidates 
are summarized in Tabled We observe, with 
more than 5cr significance, non-zero contri- 
butions from all of the three amplitudes Aq, 
A x , and A\\ (f L + f± + f\\ = 1). We find 3a 
evidence for non-zero final-state-interaction 



phases 



and . 



differ from tt or zero) . We 
also observe B° -> (j>K*°(U30) decays. 

In Table |3 we show results for all B — > 
VV modes with the dominant b — > s penguin 
contribution expected. Naive SU(3) decom- 
position of the relative penguin and tree dia- 

Table 1. Summary of the B° -> <pl<*°(892) fit re- 
sults. We show results for the ten primary signal fit 
parameters and the derived branching fraction B and 
triple-product asymmetries A^ and A^- 



Fit parameter 



Fit result 



n s i g (events) 

h 
f± 

<j>\l (rad) 
(px (rad) 
A C p 

A0|| (rad) 
A0_l (rad) 



201 ±20 ±6 
0.52 ±0.05 ±0.02 
0.22 ±0.05 ±0.02 



2.34 



+0.23 
-0.20 



±0.05 



2.47 ±0.25 ±0.05 
-0.01 ±0.09 ±0.02 
-0.06 ±0.10 ±0.01 
-0.10 ±0.24 ±0.05 



0.27+^ ±0.05 



7+0.20 
' -0.23 

0.36 ±0.25 ±0.05 



B 



(9.2 ±0.9 ±0.5) x 10~ 6 
-0.02 ±0.04 ±0.01 
+0.11 ±0.05 ±0.01 



Table 2. The BABAR, measurements of the branching fractions (£>) and polarizations (/l) of the B — ► VV 
decays with the dominant b — » s penguin contribution. Relative coefficients in front of the penguin, color- 
allowed and color-suppressed tree amplitudes contributing to each decay mode are shown with ap, ax, and 
olq. Naive SU(3) decomposition is used for illustration. The last column indicates the number of BB pairs 
used in each analysis. New preliminary results this year are indicated by "new" , while references are given to 
the published results. The last error in the p + K*° channel has non-resonant decay rate uncertainty separated. 



B decay 


ap olt o^c 


£(10- 6 ) 


h 




<f>K* {) 
(j)K*+ 


V2 
V2 


9.2 ±0.9 ± 0.5 
12.7 ± i- 1 


0.52 ±0.05 ±0.02 
0.46 ±0.12 ±0.03 


227 (new) 
89 (publ.El) 


p°K*° 
p°K*+ 
p+K*° 
p-K*+ 


1 -1 
-1 -1 -1 
y/2 
-V2 -V2 


10.6 tH ± 2.4 
17.0±2.9±2.0±?;°, 
< 24 (90% C.L.) 


0.96±g;?g ±0.04 
0.79±0.08±0.04±0.02 


89 (publ.El) 

89 (new) 
123 (new) 


luK*° 
ujK*+ 


1 1 
111 


< 6.1 (90% C.L.) 

< 7.4 (90% C.L.) 




89 (new) 
89 (new) 



Table 3. The BABAR measurements of the branching fractions (B) and polarizations (jx) of the B — > VV 
decays with the b — » u tree and b — » d penguin contributions. Relative coefficients in front of the color-allowed 
tree, color-suppressed tree, and penguin amplitudes are shown with aj, ap, and ap. 



B decay 


(XT OLQ Ctp 


B (10- 6 ) 


h 


N BS (10 e ) 


p-p+ 
P°P + 

P y 


y/2 y/2 
1 1 
1 -1 


30 ± 4 ±5 
23 ± 6 5 ±6 
< 1.1 (90% C.L.) 


0.99 ±0.031^3 
0.97±g;gf ± 0.04 


89 (publ.^) 
89 (publ.E^ 

227 (new) 


LUp + 
LUp° 


-1 -1 2 
-V2 


12.6 tfl ± 1.8 
< 3.3 (90% C.L.) 


0-88±g:i§ ± 0.03 


89 (new) 
89 (new) 







< 1.5 (90% C.L.) 




89 (new) 



grams is shown. Transverse polarization frac- 
tion in both B — > (f>K* (892) charge modes 
are close to 50%, while this effect is less pro- 
nounced in the B — > pK* (892) modes. At the 
same time, polarization measurements in the 
tree-dominated modes presented in Table 
favor longitudinal polarization dominance. 

For B decays to light charmless particles 
we expect the hierarchy of decay amplitudes 
to be |A | > > \A-i\ under the as- 

sumption of either loop or tree diagram con- 
tribution 123. Our measurements with the 
decay B° -> (j)K* (892) do not agree with 
the first inequality but agree with the second 
one. This suggests other contributions to the 
decay amplitude, previously neglected, either 



within or beyond the Standard Model GE1 

We also observe the decays B° — ► 
<fiK*°(1430) which we find to be predomi- 
nantly longitudinally polarized based on the 
cj> helicity angle distribution. The width and 
the angular distribution of the if* (1430) res- 
onance structure are not consistent with the 
pure i^2°(1430) tensor state at more than 
lOcr. However, the angular distribution pro- 
vides evidence of the longitudinally polarized 
tensor i^2°(1430) contribution (with statis- 
tical significance of 3.2<t) in addition to the 
scalar if,* (1430). If the longitudinal polar- 
ization dominance holds for the vector-tensor 
B — > 0^1(1430) decays, this will point to 
the special role of the vector current in the 



B — > 0X*(892) polarization puzzle. 

If one loop diagram dominates the B — ► 
</>if * decay amplitude, the direct CP asym- 
metries Acp, A-cP) ano - -^CP' an< ^ the we& k- 
phase differences A^ii and Acf>±, or alterna- 
tively Aj< and ^Uj-r, are expected to be negli- 
gible. These are interesting to look for new 
amplitude contributions with different weak 
phases. 

The rates of the B° -> p+ p~ and B+ -> 
p°p + decays are larger than the correspond- 
ing rates of B — > 7r7r decays'^. At the same 
time, the measurements of the B — > p_fT* 
branching fractions do not show significant 
enha nce ment with respect to B — > de- 
cays both of which are expected to be 
dominated by 6 — ► s penguin diagrams. We 
can use flavor SU(3) to relate b — > s and £> — > 
d penguins; the measured branching fractions 
indicate that the relative penguin contribu- 
tions in the B — > pp decays are smaller than 
in the B — > 7T7t case. 

A more quantitative estimate of penguin 
contributions in B — > pp decays can be ob- 
tained using isospin relations and measure- 
ments of B — > p°p°, p + p~, an d P + P ° branch- 
ing fractions and polarization l " ! ^ ! Since the 
tree contribution to the B° — > p°p° decay is 
color-suppressed (see Table|3J|, the decay rate 
is sensitive to the penguin diagram and its 
tight experimental limit provides tight con- 
straints on penguin pollution. This makes 
B° — ► p + p~ an ideal channel for the time- 
dependent measurement of the CKM angle a. 
It is interesting to note that B° — > uip° mea- 
surement provides comparable constraint on 
penguin contribution, but additional assump- 
tions are required. 
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